ABSTRACT: Three-spined sticklebacks Gasterosteus aculeatus are frequent paratenic hosts of the nematode parasites Anguillicola crassus and Camallanus lacustris. As paratenic hosts, sticklebacks could spread infection by carrying high numbers of infective stages. In contrast, low infective ability of either parasite for the paratenic host could hinder the spread of infection. In the present study, G. aculeatus was, for the first time, infected under controlled laboratory conditions with defined doses of the parasites. Sticklebacks were exposed to 6, 12, 18 and 24 parasite larvae to determine the infective ability of the 2 nematode species. There were significantly higher infection rates for C. lacustris (18 to 49%) than for A. crassus (4 to 14%) at each exposure dose. In C. lacustris-infected sticklebacks, infection rates tended to be highest after exposure to 12 C. lacustris larvae and lowest after exposure to 24 parasites. In A. crassus-infected sticklebacks, no effect of parasite exposure dose on infection rates was observed. Immunity parameters such as respiratory burst activity and lymphocyte proliferation of head kidney leukocytes recorded 18 wk post exposure were not significantly affected by either parasite or exposure dose. Granulocyte:lymphocyte ratios were elevated only within the stickleback group showing the highest infection intensity of C. lacustris, i.e. to those exposed 18 parasites. 
INTRODUCTION
The three-spined stickleback Gasterosteus aculeatus is the intermediate, paratenic or final host for several parasite species. Two of the most abundant parasites in sticklebacks in northern Germany are the nematodes Camallanus lacustris and Anguillicola crassus (Kalbe et al. 2002) . Both parasites are transmitted by various copepod species as first intermediate hosts (Moravec 1994 ). For C. lacustris the final hosts are predatory fish such as pike Esox lucius or perch Perca fluviatilis (Moravec 1969a) . In final as well as in paratenic hosts, C. lacustris stays in the anterior part of the intestine, where it anchors in the mucosa causing inflammatory reactions (Moravec 1969b , Stumpp 1975 , Lodes & Yoshino 1985 , Meguid & Eure 1996 .
Anguillicola crassus was endemic to East Asia, but has transferred from its original final host the Japanese eel Anguilla japonica to the European eel A. anguilla and the American eel A. rostrata (Kirk 2003) . Anguillicola crassus penetrates the intestine of its paratenic and final hosts and migrates into the swim bladder. In its final eel host, A. crassus causes serious damage to the swim bladder tissue (Taraschewski et al. 1988 , Molnar et al. 1995 , Würtz & Taraschewski 2000 and elicits cellular and humoral immune responses (Haenen & van Banning 1990 , Knopf et al. 2000 , Mulcahy et al. 2005 . In European eels, A. crassus can severely impair swim bladder function and, in the presence of other stressors, has caused mortalities in both farmed and wild populations (Kirk 2003) .
Direct transmission to final hosts is possible for Camallanus lacustris and Anguillicola crassus, but frequently small planctivorous fishes (e.g. sticklebacks) are paratenic hosts in which both parasites persist without reproduction (Moravec 1994) . The capability of paratenic hosts to control their parasite load can thus significantly influence the infection pressure of parasites on their final host (Rolbiecki 2004) . To the best of our knowledge, parasite infections of paratenic fish hosts have not yet been investigated under controlled laboratory conditions in a dose-dependent manner. In the wild, abundance of Anguillicola crassus larvae varies among paratenic host fish species, but Thomas & Ollevier (1992) observed higher prevalence in physoclist fishes (e.g. river goby, common perch), while physostome fishes (e.g. cyprinids) were less susceptible. The latter exhibit an effective immune response against A. crassus, resulting in encapsulation of invading larvae and formation of granulomas in which the parasites are killed (Szekely 1996) . Although the three-spined stickleback is a frequent paratenic host of A. crassus (Haenen & van Banning 1990 , Thomas & Ollevier 1992 , little is known about its infective ability and dynamics.
Anguillicola crassus was introduced to Germany in 1982 (Neumann 1985) , whereas Camallanus lacustris has long been established in lakes in northern Germany, probably since the last glacial period. This difference in the period of host -parasite co-evolution between the 2 parasites may be reflected in their ability to infect three-spined sticklebacks as paratenic hosts. In wild-caught sticklebacks, Kalbe et al. (2002) found a lower abundance (mean number of parasites per sampled fish) of A. crassus (0.645) than of C. lacustris (0.748). It is not clear if this is due to differences in the infection pressure in wild populations, to differential immune responses of the stickleback or to differences in the infective ability of the 2 parasites.
Variations in the immune defense of hosts may depend on infection route, target organ and pathogenicity of the invading parasite (Buchmann et al. 2001 , Tully & Nolan 2002 , Hoole et al. 2003 , Roberts et al. 2005 , Reite & Evensen 2006 . A major part of the innate immune defense of fish hosts against helminth parasites is the activation of granulocytes (Whyte et al. 1989 , Nie & Hoole 2000 , Kurtz 2004 , Scharsack et al. 2004 ). In addition to such innate defenses (Jones 2001) , fish hosts possess adaptive immunity that produces specific antibodies against parasite antigens (Roberts et al. 2005 . Clonal expansion of lymphocytes is a fundamental part of the specific immune responses of fishes (Rijkers et al. 1980) . Lymphocyte proliferation is used as a measure of the activation of the specific immune system against helminth and protozoan parasites (Hamers & Goerlich 1996 , Nie et al. 1996 , Scharsack et al. 2000 . The ratio of granulocytes to lymphocytes (G:L ratio) is used to determine the relative activity of innate versus adaptive immunity (Birkhead 1998 , Kurtz 2004 .
In the present study, we exposed sticklebacks to infective stages of Anguillicola crassus and Camallanus lacustris under laboratory conditions in order to determine differences in infective ability between the 2 parasite species. Infection was allowed to persist for 18 wk to achieve a strong discriminatory power on parasite survival. Exposure to various infection doses revealed the parasite number that achieved optimal infection success. The condition of infected fish was recorded using the hepatosomatic index, and activation of their cellular immune system was measured as respiratory burst activity, proliferation of lymphocytes and the G:L ratio of the head kidney leukocytes.
MATERIALS AND METHODS
Parasites. Anguillicola crassus and Camallanus lacustris used in the infection experiments originated from host fish caught in the Grosse Plöner See (Germany) in autumn 2003 and spring 2004. Second stage larvae of A. crassus (L2) were washed out of freshly isolated swim bladders of eels Anguilla anguilla with phosphate bufffered saline (PBS). C. lacustris larvae were dissected from gravid female parasites collected from the intestinal blind sacks of perch Perca fluviatilis. Infective stages were stored overnight in glass petri dishes with 0.64% NaCl at 6°C.
Infection of copepods. As intermediate hosts, copepods Macrocyclops albidus from a parasite-free laboratory culture were prepared for infection as described by Hammerschmidt & Kurtz (2005a) . Each copepod assigned to a Camallanus lacustris or Anguillicola crassus treatment was offered 6 actively moving larvae of the relevant parasite. Infected copepods were kept singly in 24-well micro-titer plates at 18°C under a 16:8 h light:dark cycle for 3 wk. Copepods were fed 3 times a week with 5 living Artemia sp. nauplii. Before exposure to the fish, the numbers of parasites in the body cavity of each copepod was counted under a microscope at 100× magnification. Copepods infected with 6 live (moving) parasites were selected for fish exposure.
Infection of sticklebacks.
Parental three-spined sticklebacks were caught in the Grosse Plöner See in 2003. For infection experiments, 6 fish families were bred and raised for 7 mo in family groups in 16 l tanks with continuous water supply and aeration at 18°C under a 16:8 h light:dark cycle and parasite-free conditions. After initial feeding with live Artemia sp. nauplii, the fish were fed ad libitum 3 times a week with a mixture of frozen chironomid larvae and daphnids. Prior to exposure the fish were marked according to infection dose by clipping 0 to 2 spines (1st dorsal spine = 6 parasites, 2nd dorsal spine = 12 parasites, both dorsal spines = 18 parasites, 1 dorsal and 1 pectoral spine = 24 parasites, no spine clipped = control fish). Wedekind & Little (2004) found reduced prevalence of Schistocephalus solidus in stickleback when a spine was clipped 1 wk week post infection, compared to control fish. They concluded that spine-clipping stimulated the immune system of infected fish and increased the clearance of infection. In the present study no significant difference was observed in the hepatosomatic index or G:L ratio between controls and fish that had at least one spine cut (ANOVA: both p > 0.2), indicating that spine-clipping did not have an effect in the present study. To enhance the consumption of the respective number of copepods, marked fish were starved for 3 d in individual 1 l aquaria. From each of the 6 fish families we selected randomly 20 individuals, 10 of which we used for Camallanus lacustris exposure and 10 for Anguillicola crassus exposure. Within each family group, 2 fish were offered 1, 2, 3 or 4 copepods (each containing 6 parasite larvae), or 0 copepods for control fish, resulting in 8 exposed and 2 control fish per parasite species and family. These groups of 10 fish were kept in 16 l aquaria until dissection.
Dissection of sticklebacks. Of 120 experimental fish, 14 died during the experiment due to technical problems with the water supply of 2 aquaria. A total of 106 fish were available for dissection (N = 46 exposed to Anguillicola crassus, 40 exposed to Camallanus lacustris and 20 controls). For each parasite group and controls from the same aquaria, dissection was performed at 18 wk post exposure on 2 consecutive days. The fish were weighed, measured and dissected, head kidneys were prepared for immunological assays (see next subsection). Livers were removed and weighed to calculate the hepatosomatic index (W liver :W fish ) × 100, where W is the wet weight (to the nearest mg) of the fish or the liver respectively. The hepatosomatic index is a measure of a fish's metabolic condition including fat reserves and carbohydrates (Wootton 1977 , Chellappa et al. 1995 . To count A. crassus parasites, swim bladders were removed and placed on a glass slide for microscopic examination. To monitor C. lacustris infection, guts were squeezed between 2 glass plates and screened for parasites under a dissection microscope. Individual infection rate was calculated as the number of successfully established parasites relative to the number offered.
Immunological assays. Leukocytes were isolated from the head kidney of dissected sticklebacks (N = 106) as described in Kurtz et al. (2004) . The number of viable leukocytes (with the exclusion of propidium iodide-positive cells) was enumerated by means of flow cytometry (FACSCalibur, Becton & Dickinson) . Total cell numbers in head kidney leukocyte (HKL) suspensions were determined by the standard cell dilution assay (SCDA, Pechhold et al. 1994 ) in modified form (Scharsack et al. 2004 ). Propidium iodide (2 mg l -1 ) and green fluorescent standard particles (3 × 10 4 , 4 µm, Polyscience) were added to the suspensions to distinguish standard particles (green fluorescencepositive) from viable HKL (propidium iodide-negative, green fluorescence-negative). Distinct leukocyte subsets were identified according to their characteristic FSC/SSC (forward scatter/side scatter) profiles and analyzed as described in Hammerschmidt & Kurtz (2005b Respiratory burst activity of the HKL was quantified in a lucigenin-enhanced chemiluminescence assay. The assay was modified after Scott & Klesius (1981) as described by Kurtz et al. (2004) . Cell suspensions (160 µl well -1 with 2 × 10 5 HKL) were added to 20 µl lucigenin solution (2.5 g l -1 PBS) well -1 in 96-well, flatbottomed micro-titer plates and incubated for 30 min at 18°C. Phagocytosis and production of reactive oxygen species was initiated by the addition of 20 µl zymosan suspension (7.5 g l -1 PBS). Control cultures received 20 µl PBS. Plates were measured for 3 h at 20°C with a micro-titer plate luminometer (Berthold). Luminescence was calculated as relative luminescence units (RLU) for each sample using the WinGlow version 1.25.00003 software.
As a parameter for activation of the adaptive immune system, the relative numbers of proliferating lymphocytes in the S and G 2-M phase of the cell cycle were determined by quantification of DNA content. HKL were fixed with ethanol (100 µl cell suspension, 1.25 × 10 6 ml -1
, in 900 µl ice-cold ethanol 98%) and stored at 4°C. Cells were centrifuged (550 × g, 10 min, 4°C) and supernatant ethanol removed. Resuspended HKL were incubated with RNAse (500 mg l -1 PBS) for 10 min at room temperature to remove background labeling of RNA. Propidium iodide (Sigma Aldrich) was added to a final concentration of 7.5 mg l -1 and cells were incubated for 10 min at room temperature. Individual samples were measured either for 3 min or up to 30 000 events with a flow cytometer (Becton Dickinson FACSCalibur). Red fluorescence (propidium iodide) was measured in linear mode. Data were evaluated with the CellQuest Pro 4.02 software. Lymphocytes were identified according to their characteristic FSC/SSC profile. Doublet cells were subtracted from single cells as described by Wersto et al. (2001) . Frequencies of lymphocytes in G 0-1 , S and G 2-M phases were acquired by DNA content analysis of red fluorescence intensity (propidium iodide labeling) of single cells from the lymphocyte gate.
Statistical analysis. Not only infection rate, but also the number of parasites per fish, was evaluated for each parasite species and infection dose and compared with the immune parameters. For all analyses, residuals were used to eliminate possible effects of fish family and gender. Since the residuals were not normally distributed, we transformed the raw data of infection rate logarithmically, RLU was square-root transformed. For G:L ratio, proliferating lymphocytes (S + G 2-M lymphocytes) and hepatosomatic index Box-Cox transformation was applied. Full-factorial ANOVA models with parasite species and infection dose as independent variables were calculated. Variables were excluded from the analysis when interactions were not significant. We tested for differences between parasite species and control group as well as for differences between infection doses (control, 6, 12, 18 and 24 parasites) within the 2 parasite species. Where the ANOVA was significant, a post-hoc Tukey-Kramer honestly significant diffference (HSD) test was used to detect within-group differences. All tests were performed as 2-tailed tests using JMP version 5.0.1.2 (SAS) with a significance level of p < 0.05.
RESULTS
After 18 wk post exposure, we analyzed 46 (of 48) exposed stickleback Gasterosteus aculeatus in the Anguillicola crassus group, 40 (of 48) G. aculeatus in the Camallanus lacustris group, and 20 control fish. In the A. crassus group, 22 fish were exposed but not infected (47.8%), whereas in the C. lacustris group only 8 fish were not infected (20%).
Within exposed stickleback groups, exposed but not infected and infected sticklebacks did not show statistically significant differences in the investigated traits (hepatosomatic index, G:L ratio, RLU and S+G 2-M lymphocytes) (Student's t-test: N = 105, all p = 0.216).
Exposure to Anguillicola crassus resulted in a maximum number of 6 parasites fish . Over all exposure doses, the total number of C. lacustris per infected stickleback was statistically significantly higher compared to A. crassus (χ 2 test: χ 1 2 = 21.5, p < 0.001). In the A. crassus group the average number (Fig. 1a) of parasites per fish showed no statistically significant difference between infection doses (effect of infection dose: F 42,3 = 0.7541, p = 0.5262). In C. lacustris-infected stickleback, the number of parasites tended to increase with increasing exposure intensity in the 6, 12 and 18 parasite groups, but tended to decrease at the highest dose of 24 parasite larvae (Fig. 1a) (effect of infection dose: F 3,36 = 2.2096, p = 0.1038). Infection rates (Fig. 1b) showed statistically significant differences between the 2 parasite species (effect of parasite species: F 1,54 = 6.5923, p = 0.0130). Comparison of the least-square means for the C. lacustris group showed that the infection rate tended to be highest for the 12 parasite dose (mean 48.8%) and lowest for the 24 parasite dose (18.7%) (effect of infection dose: F 1,17 = 3.7114, p = 0.0709). In the A. crassus group no statistically significant difference of infection rate between infection doses was detected (effect of infection dose: F 3,42 = 1.3313, p = 0.2770).
Immune parameters tested at 18 wk post exposure, did not reveal higher activity of the defense system of infected fish compared to controls (Table 1) . Statistically significant differences in the G:L ratio were not detected between Camallanus lacustris and Anguillicola crassus exposure groups nor between either parasite infection and the control group. Within the C. lacustris group, exposure to 18 parasites resulted in a Table 1 , G:L ratio). In the A. crassus group, no effect on the G:L ratio of the parasite dose was observed (effect of treatment: F 3,42 = 0.2232, p = 0.8798). Analysis of total cell counts of HKL did not reveal statistically significant differences between treatment groups (data not shown). HKL from all fish showed elevated respiratory burst activity in cultures with zymosan (Table 1 , RLU) stimulation compared to cultures without zymosan. Cultures without zymosan stimulation did not exceed the detection limit (data not shown). Statistically significant differences in zymosan-induced respiratory burst activity were not detected for the control group and the parasite treatment groups (effect of treatment: F 3,74 = 0.5291, p = 0.6636). Also, no effect was found between the different infection doses (Anguillicola crassus: F 3,41 = 1.4683, p = 0.2373, Camallanus lacustris: F 3,33 = 0.5181, p = 0.6728). Proliferation of HKL (% S + G 2-M lymphocytes) showed differences between stickleback exposed to C. lacustris and A. crassus as a trend (effect of parasite: F 1,54 = 3.4351, p = 0.0693) but did not show statistically significant differences between treatment doses (Table 1) .
As a measure of energy stored by the fish we determined their hepatosomatic index. There was no statistically significant difference in hepatosomatic index between the control and the Anguillicola crassus and Camallanus lacustris groups (effect of treatment: F 2,102 = 0.5573, p = 0.5745) (Fig. 2) . Exposure to different parasite doses had no statistically significant effect on the hepatosomatic index of the fish independent of parasite species (Fig. 2 , effect of treatment: F 4,100 = 1.3657, p = 0.2513). However, although not statistically significant in the ANOVA model, fish with the highest parasite load in the group of C. lacustris (18 parasites offered, infested mean: 7 ± 1.66) tended to have a lower hepatosomatic index than fish in the group exposed to 12 parasites (infested mean: 5.3 ± 1.08, post hoc t-test: p = 0.055) (Fig. 2) .
DISCUSSION
Camallanus lacustris has long been established in fish populations in Europe, whereas Anguillicola crassus was introduced in the 1980s (Neumann 1985 , Kirk 2003 . Since then, A. crassus has spread all over Europe and is a serious threat for the European eel Anguilla anguilla as definitive host (Kirk 2003 Fig. 2 . Gasterosteus aculeatus. Mean (+ SE) fish condition calculated by hepatosomatic index for fish exposed to 4 different doses (i.e. number of parasites offered) of either Camallanus lacustris or Anguillicola crassus and for nonexposed control group a paratenic host, the three-spined stickleback Gasterosteus aculeatus with C. lacustris and A. crassus. The laboratory infection levels described here were in the range observed in wild stickleback populations for A. crassus (Haenen & van Banning 1990 , Thomas & Ollevier 1992 and C. lacustris (Kalbe et al. 2002) . In our experiment, exposure to equal doses of the 2 parasites resulted in statistically significantly higher numbers of C. lacustris than A. crassus. Thus, higher numbers of C. lacustris than A. crassus observed in wild-caught stickleback (Kalbe et al. 2002) are probably not caused by differences in exposure. In C. lacustris-infected stickleback, infection rate and total number of parasites tended to show dose-dependent maxima after exposure to 12 and 18 parasites respectively. Although this trend was not statistically significant, it does indicate an optimum infection dose for C. lacustris. In the A. crassus group, infection rate was low and dose effects were not detectable. Knopf & Mahnke (2004) investigated the infection success of Anguillicola crassus in its natural definitive host, the Japanese eel Anguilla japonica and the recently affected European eel A. anguilla. Knopf & Mahnke (2004) found that the new host, the European eel was more susceptible to A. crassus infection than the Japanese eel; i.e. the parasite was more successful in a new host. In our experiments, the parasite was more successful in the established host -parasite system, (Camallanus lacustris-Gasterosteus aculeatus) than in the new host-parasite system (A. crassus-G. aculeatus) .
Although changes in the G:L ratio in Camallanus lacustris-infected fish indicate activation of the immune system, no statistically significant differences in hepatosomatic index due to exposure or infection were observed. We expected a decrease in the condition of the sticklebacks since immunity is supposed to be costly (Moret & Schmidt-Hempel 2000) . Wegner et al. (2003) found a condition decrease in highly parasitized sticklebacks after laboratory infection. However, in our experiment, the impact of infection might have been too low to have had a detectable effect on the hepatosomatic index. Furthermore fish reared under favorable laboratory conditions (e.g. with ad libitum feeding) may be able to compensate the impact of infection on their body condition (Candolin & Voigt 2001) .
The extent to which the immune response of the stickleback influenced infection success in our study remains unclear. For Anguillicola crassus, the less successful parasite, obvious activity of the defense system was not detected, but the sampling time-point (18 wk post exposure) was probably too late to reveal acute immune responses. In Camallanus lacustris-infected sticklebacks, an elevated G:L ratio was observed in the group exposed to 18 parasites (with the highest parasite load), while G:L ratios were lower in the groups exposed to 6 and 12 C. lacustris. There were no statistically significant differences between the G:L ratios of non-infected controls and C. lacustris groups exposed to 6 and 12 (low G:L ratios) and 18 (high G:L ratios) parasites. Therefore, it is not possible to say whether statistically significant differences between the exposure groups were due to a decrease in the G:L ratios of groups exposed to 6 and 12 parasites or to an increase in the G:L ratio in the group exposed to 18 parasites. Fluctuating recruitment of granulocytes from the head kidney due to the parasite load could explain the high G:L ratios at the exposure dose of 18 parasites and the low values at doses of 6 and 12 parasites. Dose effects on the G:L ratio were not influenced by fluctuations in total numbers of HKL, as total cell counts did not reveal statistically significant differences between treatment groups. Neither parasite had statistically significant effects on respiratory burst activity or lymphocyte proliferation of HKL. Analysis of immune parameters at earlier time-points during both infections will be necessary to reveal the underlying mechanisms and kinetics.
In summary, the neozoic Anguillicola crassus was less successful at infecting its paratenic host, the threespined stickleback, than the long-established Camallanus lacustris. For C. lacustris, however, the high infection rate and the potential dose response observed in our experiments suggest a high degree of adaptation to the stickleback as paratenic host.
